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ABSTRACT: The dynamics of reactions at or in the immediate vicinity of transition states are critical to reaction rates 
and product distributions, but direct experimental probes of those dynamics are rare. Here, s-trans, s-trans 1,3-
diradicaloid transition states are trapped by tension along the backbone of purely cis-substituted gem-
difluorocyclopropanated polybutadiene using the extensional forces generated by pulsed sonication of dilute polymer 
solutions.  Once released, the branching ratio between symmetry-allowed disrotatory ring closing (of which the trapped 
diradicaloid structure is the transition state) and symmetry-forbidden conrotatory ring closing (whose transition state is 
nearby) can be inferred. Net conrotatory ring closing occurred in 5.0 ± 0.5% of the released transition states, as com-
pared to 19 out of 400 such events in molecular dynamics simulations.

Introduction

Reaction dynamics in the vicinity of transition states are 
intrinsically tied to reaction mechanisms and product 
distributions. Understanding those dynamics, and if/how 
they are influenced by the trajectory that brought the 
molecule to that point, is therefore of significant interest. 
To that end, it is desirable to know the intrinsic dynam-
ics of transition states – i.e., how a reaction proceeds if a 
molecule is dropped right at the transition state – and to 
compare observations to predictions based on molecular 
simulations and/or transition state theory. To date, the 
experimental observations of transition state structure 
and dynamics are based either on a characterization of 
product energy levels through scattering experiments, 
such as those performed by Polanyi1 and Brooks,2 the 
time-resolved pump-probe “femtochemistry” experi-
ments pioneered by Zewail,3 or the negative ion 
photodetachment experiments of Neumark4 and 
Lineberger.5  The dynamics in question tend to focus on 
a single trajectory as the activated complex descends 
toward product from either side of the (often symmet-
rical) dividing surface.  Studies involving branching be-
tween non-degenerate pathways, for example those ac-
cessed through an additional dividing surface near that 
on which the activated complex resides, are rare.

In recent years, covalent mechanochemistry has been 
explored as a new methodology for studying reaction 
mechanisms.6 To this end, various methods have been 
developed to probe force-coupled reactions,7 including
single-molecule force spectroscopy,8-10 pulsed 
ultrasonication,11 Boulatov’s molecular probes,12 and 
Matyjaszewski and Sheiko’s bottle brush polymers.13

Among these techniques, the use of pulsed sonication of 
polymer solutions is advantageous in that the experi-
ments are operationally straightforward and the products 
of force-coupled reactions can be conveniently charac-
terized by conventional spectroscopic techniques. Dur-
ing sonication, elongational flow fields are generated by 
cavitation, which includes the nucleation, growth and 
collapse of microbubbles.14 A velocity gradient is then 
formed in the direction of a collapsing bubble; the pol-
ymer segments that are closer to the bubble have a high-
er velocity than those farther from the bubble,14 and the 
polymer is thus stretched and elongated. The mid-chain 
the polymer is typically where the highest force is locat-
ed and chain scission occurs.8

Sonicating mechanophore-embedded polymers provides 
an opportunity to probe the mechanochemical response 
of the molecules in solution, and we have recently used 
sonication to demonstrate the concept of tension trap-



ping,15 in which transition states and high-energy inter-
mediates are stabilized as global minima on force-
coupled potential energy surfaces.15 The force is deliv-
ered by overstressed polymer “handles,” and tension 
trapping has been applied to carbonyl ylides16 and to the 
1,3-diradicaloid transition state of gem-
difluorocyclopropane (gDFC) isomerization,15 enabling 
unexpected isomerizations,15,16 intermolecular chemical 
trapping of the dynamically trapped species,15,16 and new, 
intramolecular reactions between multiple transition 
states trapped in proximity.17

Here, we use tension trapping to study the branching 
ratio between competing ring closing pathways follow-
ing the release of the tension trapped 1,3-diradicaloid,
which, as we have pointed out previously, corresponds 
to a transition state of force-free gDFC isomerization.18

The majority of released diradicaloids proceed along one 
of two degenerate disrotatory pathways of which they 
are the transition state, essentially falling energetically 
downhill on either side of the dividing transition state 
surface. But a small fraction of the released transition 
states instead pass across an additional, higher-energy 
dividing surface that is not along the minimum energy 
pathway associated with the initial transition state.  As a 
result, ~5% of the trapped diradicaloids, once released, 
ultimately close either via an orbital symmetry forbidden 
conrotatory pathway, or a monorotatory pathway fol-
lowed by symmetry allowed disrotatory ring closing. A 
similar branching ratio is observed in molecular dynam-
ics simulations.

Results

We reported previously that the force induced ring-
opening of cis- and trans-gDFC under sonochemical 
conditions leads to tension trapping of a 1,3-diradicaloid 
that closes preferentially to the cis-gDFC once the ten-
sion is removed. Ring closing to the higher energy cis-
gDFC isomer is kinetically favored because of the lower 
barrier for the symmetry-allowed disrotatory ring clos-
ing reaction relative to that of the symmetry-disallowed 
conrotatory reaction.15 The orbital symmetry associated 
with 2,2-difluoro-1,3-diyls has been previously charac-
terized by Borden and co-workers,19 and the 2 -electron
nature of the system is attributed to the electron with-
drawing character of the fluorines. These ring closing 
dynamics lead to a counter-intuitive result: there is a net 
contraction in length along the affected regions of the 
polymer backbone in response to a force of tension (the 
polymer grows shorter once it is pulled), and the prod-
ucts are higher in energy than the reactants, as there is a 
net conversion of trans-gDFC to cis-gDFC.15 It is clear 
from the prior studies that the vast majority of the re-
leased diradicaloids closed via a disrotatory motion, but 
we set out to quantify the small fraction of ring closing 
reactions that occurred via a net conrotatory motion, 
thus directly probing the reaction dynamics in the vicini-
ty of the transition state dividing surface.

The experimental design is shown in Figure 1. Ring-
opening metathesis polymerization20 (ROMP) of 
difluorocyclopropanated cyclooctadiene 1 yielded gDFC 
polybutadiene (PB) 2. The methodology gave a polymer 

with only cis-connected gDFCs along its backbone, 
which allowed us to quantify the formation of very small 
levels of trans-gDFC that might have been obscured by 
the nascent trans content in previous studies.15 Polymer 
2 was then subjected to pulsed ultrasonication (30% am-
plitude, 11.9 W/cm2), conditions previously shown to 
mechanically force the gDFCs open into trapped 1,3-
diradicaloid transition states.15 After 60 min of soni-
cation, the molecular weight was reduced from 115 kDa 
to 54 kDa, and low levels (2%) of cis-to-trans isomeri-
zation were observed by 19F NMR (4, Figure 1).

In order to occur in pulsed ultrasound, the timescale of a 
mechanochemical reaction must be comparable to, or 
shorter than, the timescale of the extensional flow event 
that generates the tension (~10-8 – 10-6 s).21 Thus, the 
force-coupled activation energy for cis-to-trans gDFC 
isomerization under these conditions must be less than 
~9 kcal mol-1. Our calculations show that the force nec-

Figure 1. a) Ring-opening metathesis polymerization of 1
generates pure cis-gDFC-PB 2, which was sonicated in 
dilute solution for 1 hour. When force is applied to 2, 
diradicaloid transition state structures 3 are trapped under 
tension as global minima on the force-coupled potential 
energy surface. When the force is released, 3 is converted 
to a true transition state saddle point, and ring closure oc-
curs rapidly in either a disrotatory or conrotatory manner 
to form copolymer 4. b) 19F-NMR of 2 (bottom, black) and 
4 (top, red): the peaks at -125 ppm and -154 ppm corre-
spond to cis-gDFC, while the peak at -139 ppm corre-
sponds to trans-gDFC.



essary to lower the activation energy to this extent is 
also sufficient to stabilize the 1,3-diradicaloid as a glob-
al minimum on the force-coupled potential energy sur-
face.15 In other words, direct mechanochemical cis-to-
trans isomerization is not possible in these experiments, 
and so when trans-gDFC is observed, it must have been 
formed from trapped transition states that close once the 
tension is released.

We can therefore quantify the number of disrotatory ring 
closing reactions, and so in order to quantify the proba-
bility of disrotatory closure, we need only to know how 
many 1,3-diradicaloids were trapped and subsequently
released. Because most diradicals close back to the orig-
inal cis configuration, direct measures of ring opening 
are not available. The extent of ring opening can be 
gauged fairly accurately by comparison to similar sys-
tems, in particular the mechanochemical ring opening of
gem-dichlorocyclopropanes (gDCC).22 Although the 
reaction outcomes are different, the activation energies 
and transition state geometries for gDCC and gDFC ring 
opening are similar, and the extents of sonochemical 
ring opening of the two trans isomers are indistinguish-
able.23 In addition, we have recently found that the 
threshold forces for mechanochemical ring opening of
cis-gDCC and cis-gDFC are very similar (in fact, closer 
than those of the corresponding trans isomers that are 
themselves effectively indistinguishable in sonication), 
as measured by single molecule force spectroscopy 
(timescale ~10 ms).24 When the force-rate relationship 
derived from the force spectroscopy is extrapolated to 
the time scale of sonication (10-8 s), it is determined that 
the forces required to activate cis-gDFC is nearly indis-
tinguishable from that required to activate cis-gDCC
(2290 pN vs. 2370 pN, respectively; see Supporting In-
formation). 

We therefore synthesized a 123 kDa cis-gDCC-PB and 
subjected it to sonication conditions that are identical to 
those used for the gDFC-PB. The ring opening and mo-
lecular weight at different time intervals were character-
ized by 1H NMR and gel permeation chromatography 
(GPC), respectively. As shown in Figure 2a, there is a 
linear relationship between gDCC ring opening and the 

scission cycle (SC, where SC = . One scis-

sion cycle is the point at which the polymer Mn is cut in 
half, two scission cycles where it has been reduced to ¼ 
its initial value, etc…). The data are fit by the following 
line:

Fraction of ring opening = 0.51 × SC (1)

The Mn of polymer 2 was therefore monitored as a func-
tion of sonication time, and the percentage of activated 
gDFC was estimated using eq. 1. The trans-gDFC con-
tent of the polymers increased linearly with scission cy-
cle (Figure 2b), and the probability of net conrotatory 

ring closing is given by the ratio of the fraction of total 
rings that closed to trans-gDFC (from 19F NMR) to the 
fraction of total rings that opened (from eq. 1). As shown 
in Figure 2b, the branching fraction remained constant 
(5.0 ± 0.5%) over the data reported. 

The fact that the branching fraction stays constant is 
significant, because a given gDFC can theoretically be 
activated multiple times. Of course, only the fate of the 
last ring opening/closing is reported, and since trans-
gDFC is less reactive than the cis isomer,24 it is possible 
for trans-gDFC to turn into a sort of kinetic sink as the 
original gDFCs undergo repeated activations. If such 
contributions were significant, they would be revealed 
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Figure 2. a) Sonication of gDCC polymer (1 mg/mL in 

THF, 6-9 °C, N2 atmosphere). The ring opening percentage 
was characterized from 1H NMR and plotted against scis-
sion cycle. b) Sonication of polymer 2 (1 mg/mL in THF, 

6-9 °C, N2 atmosphere). The percentage of trans-gDFC 
(black filled square, characterized from 19F NMR) and 
branching fraction (red empty circle) were plotted against 
scission cycles. The branching fractions are determined 
from the ratio of the percentage of trans-gDFC to the per-
centage of the ring opening of cis-gDCC at certain scission 
cycles.



by an increase in the conrotatory branching fraction with
reaction time. The fact that the branching fraction re-
mained constant suggests that such contributions are not 
significant over the range of times employed, and so the 
branching fraction is indicative of the “true” branching 
fraction of the reactants. We note that with even longer
sonication times, however, the branching fraction does 
start to increase as expected (see SI), but we rely on the 
data in the “constant branching fraction” time interval 
for our interpretation. 

The overall cis to trans isomerization is caused by 
conrotatory ring closing or monorotation followed by 
disrotatory ring closing, meaning that 5.0 ± 0.5% of all 
released transition states undergo either conrotation or 
monorotation. The results and ensuing dynamical picture 
are summarized in Figure 3. We compared this result to 
that obtained from molecular dynamics simulations25 on 
the parent gDFC diradicaloid,15 trapped using simulated 
trapping forces of 2 and 3 nN and then released.  A total 
of 400 trajectories were computed (200 each at 2 nN and 
3 nN). We observed that 17 of the 400 trajectories closed 
in a direct symmetry forbidden conrotatory fashion, and 
an additional 2 of the 400 underwent net conrotatory 
ring closing via sequential monorotatation followed by 
disrotation. The total net conrotatory ring closing 
branching fraction of 4.75 ± 2% (19/400) is within sta-
tistical uncertainty of the experimental branching ratio.3

Discussion

The observed 19:1 branching ratio between the 
disrotatory and conrotatory pathways is smaller than that 
predicted by transition state theory for a difference in 
activation energies of 4 kcal/mol15 (~1300:1 at 280 K). It 
is also smaller than the reported 107:1 ratio between cis-
gDFC racemization and cis-to-trans isomerization ob-
served in the thermally promoted stereomutations of cis-
substituted gDFCs.18 These observations are reminiscent 
of those noted previously by Carpenter in molecular dy-
namics simulations of the thermal interconversion of 
bicyclo[2.2.1]hept-2-ene.26 In that case, the lifetime of 
the biradical intermediate showed a bimodal distribution;
10 of the 100 trajectories passed through the transition 
state and exited in 250 - 350 fs, whereas the rest failed to 
take the exit directly and their lifetime extended to 0.1 
ns. The short-lived intermediates yielded only inversion 
product, and the long-lived trajectories formed both in-
version and retention products in a ratio of 1:1. The dif-
ference in the product distributions was attributed to 
dynamic effects in the short-lived trajectories due to ini-
tial inertia.26 Similar inertial effects could be at play for 
the force-free isomerization of gDFC: the inertia of 
disrotatory ring opening might channel the reactant to-
wards a disrotatory ring closing process.27 In the tension 
trapping experiments, however, the trapping would ef-
fectively negate any memory of the initial ring opening 

trajectory, so that conrotatory ring closing would be 
more prevalent than in the force-free case.

An alternative explanation involves the dynamics asso-
ciated with the release of tension. The force does not 
instantaneously drop from that required for trapping (> 2 
nN) to zero; there is a time scale associated with the dis-
appearance of the force. A reasonable consideration, 
therefore, is how much force still remains on the system
when the ring closure occurs, as that force could bias the 
ring closing outcome. The calculated force-modified 
potential energy surface for the perhydro-gDFC (see SI) 
shows that the observed disrotatory ring closing is fa-
vored only at low force. To have a selectivity of ~20:1 or 
greater, the activation energy for disrotatory ring closing 
needs to be at least ~2 kcal/mol lower than that for 
conrotatory ring closing. The disrotatory ring closing 
barrier only drops below the conrotatory ring closing 
barrier when the absolute barriers for ring closing are 2-
4 kcal/mol (see ESI), and the timescale for closing 
would be on the order of ps.  It seems possible to us that 
the timescale of force dissipation could be similar. In 
distinguishing between these possibilities, we note that 
the branching fraction obtained from molecular dynam-
ics simulations (4.75 ± 2%) agrees well with the experi-
mental results (5.0 ± 0.5%), and in those simulations the 
force is released instantly. That agreement suggests that 
the reaction inertia effects might be more significant.

Finally, we note that when the force disappears, a sub-
stantial amount of energy stored in enthalpic distortions 
of the polymer is released. That energy is initially trans-
ferred into kinetic energy of the atoms along the poly-
mer backbone.  In other words, the diradicaloid emerges 
from the release of force “hot,” and ring closing might 
occur so quickly that the energy is not redistributed into
the surrounding. As a consequence, the effective tem-
perature of the reactant at which the ring closing occurs
might be substantially higher than the temperature of the 
solvent, and that temperature might contribute to the 
reduced selectivity.

Conclusions

The approach described here expands the utility of 
mechanochemical methods as a tool for reaction engi-
neering,11,28-32 and it provides a rare experimental probe
of the dynamics that can be simulated computationally 
in the vicinity of transition states, a topic that has re-
ceived considerable attention recently. Interest is par-
ticularly high in the case of post-transition-state bifurca-
tion,33,34 conceptually similar to the behavior character-
ized here. In the case of the tension trapped diradicaloid, 
a significant (~5.0%) fraction of the released transition 
states surmount an additional reaction barrier of approx-
imately 4 kcal/mol15 (conrotation along the symmetry 
“forbidden” conrotatory pathway) or 6.6 kcal/mol 
(monorotation),18 rather than taking the barrierless or 



nearly barrierless trajectory down the symmetry allowed 
conrotatory ring closing. 

The details that lead to those dynamics remain some-
what speculative, but at a minimum the results obtained 
here suggest that the s-trans/s-trans 1,3-diradicaloid 
transition state of the disrotatory ring opening is a com-
petent intermediate structure along the cis-to-trans
isomerization pathway; a given reaction trajectory might 

pass through both dividing surfaces, rather than immedi-
ately rolling energetically downhill after surmounting 
the first summit.  The relatively high level of branching 
to the conrotatory pathway also raises the intriguing pos-
sibility that more subtle dynamical contributions might 
be at play in tension trapping, for example those due to 
competition between relaxation of the previously over-
strained conformations (i.e., the rate at which the force 
goes to zero) and the dynamics of nuclear motion along 
the available reaction coordinates.  Further characteriza-
tion of the ultrafast dynamics at play in this and related 

systems might offer promise not only in testing funda-
mental notions of reaction dynamics, but offer an oppor-
tunity through which to steer the outcomes of chemical 
reactions toward unconventional products.

Experimental Section

Synthesis

Unless otherwise stated, all starting materials and rea-
gents were purchased from Sigma-Aldrich and used as 
received. CDCl3 was purchased from Cambridge Isotope 
Laboratory. Bromodifluoroacetic acid was purchased 
from SynQuest Laboratory. Dichloromethane (DCM) 
was purchased from VWR. For detailed synthetic proce-
dures, see SI. 

Sonication 

Sonication experiments were performed in inhibitor-free 
THF on a Vibracell Model VCX 500 operating at 20 
kHz with a 12.8 mm titanium tip probe from Sonics and 
Materials (http:www.sonics.biz/). Each sonication was 
performed on 1 mg/mL polymer solution in ~ 15 mL of 
THF. Prior to sonication, the solution was transferred to 
a 3-neck Suslick cell in an ice bath and deoxygenated by 
bubbling through nitrogen for 30 minutes. Irradiations 
were performed at 11.9 W/cm2 with a pulse sequence of 
1s on/1s off while maintaining a temperature of 6-9 °C 
under a nitrogen atmosphere.

Characterization
1H-NMR, 13C-NMR, and 19F-NMR analysis were con-
ducted on a 400 MHz Varian spectrophotometer and the 
residual solvent peaks (CDCl3 7.26 ppm [1H], 77.16 
ppm [13C]) were used as an internal chemical shift ref-
erence. 19F spectra were indirectly referenced via the 
deuterium lock signal of CDCl3 using the respective ref-
erence frequencies ratio as recommended.35 All chemical 
shifts are given in ppm (δ) and coupling constants (J) in 
Hz as singlet (s), doublet (d), triplet (t), quartet (q), 
multiplet (m), or broad (br).

Gel permeation chromatography (GPC) experiments 
were performed on an in-line two columns (Agilent 
Technology PL gel, 104 and 103 Å) using THF (inhibitor 
free) as the eluent. Molecular weights were calculated 
using a Wyatt Dawn EOS multi-angle light scattering 
(MALS) detector and Wyatt Optilab DSP Interferometric 
Refractometer (RI). The refractive index increment 
(dn/dc) values were determined by online calculation 
using injections of known concentration and mass.

ASSOCIATED CONTENT 

Supporting Information. Synthetic details; NMR and 
GPC-MALS data; calculation of ring opening forces 
during sonication. This material is available free of 
charge via the Internet at http://pubs.acs.org.

Figure 3. Ring-closing dynamics of a freed tension 
trapped transition state.  Under tension applied by 
mechanochemical polymer extension (top), the 1,3-
diradicaloid is trapped as a global minimum on the re-
action potential energy surface.  When the tension is 
released (bottom), the same diradicaloid structure is 
now the transition state along the force-free isomeriza-
tion pathway of cis-gDFCs, but 5.0 ± 0.5% of the re-
leased structures surmount a nearby, additional barrier 
and close instead to the trans isomer. Note that the trans
isomer could be formed from either direct conrotatory 
ring closing or a net conrotatory ring closing via se-
quential monorotation followed by disrotatory ring 
closing. The enantiomeric conrotatory closing and 
monorotatory pathways are not shown for clarity.
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